Background/Aims: Renal cell carcinoma (RCC) remains an intractable genitourinary malignancy. Resistance to chemotherapy or targeted therapies in RCC is presumably due to the complicated underlying molecular mechanisms and insufficient understanding. The aim of this research was to assess the expression and role of bromodomain-4 protein (BRD4) in RCC and evaluate the effects of BRD4 inhibitor JQ1 for RCC treatment. Methods: BRD4 expressionlevels were assessed by qRT-PCR and western blot in RCC tissues and cells. The effects of BRD4 knockdown or JQ1 on RCC cells were assessed by MTT assay and flow cytometry. The effects of in vivo treatment were evaluated through xenograft experiments. Results: BRD4 is significantly overexpressed in RCC, and is related to tumor stage and lymph node metastasis. Inhibition of BRD4 suppressed RCC cell proliferation, induced cell apoptosis in vitro and repressed tumor growth in vivo. Inhibition of BRD4 decreased BCL2 and C-MYC expression while increased BAX and cleaved caspase3 expression, and strikingly diminished the recruitment of BRD4 to BCL2 promoter. Conclusions: Our research reveals that BRD4 probably play a critical role in RCC progression, and is a new promising target for pharmacological treatment directed against this intractable disease.
Inhibition of BRD4 Suppresses Cell Proliferation and Induces Apoptosis in Renal Cell Carcinoma

Introduction
Renal cell carcinoma (RCC) is a common genitourinary malignancy with an incidence of about 5-10 per 100,000, which accounts for 2-3% of all tumors in adults [1] . Clear cell renal cell carcinoma (ccRCC), the most common type of renal cancer, is responsible for about 75% of cases [2] . Despite recent advances in treatment, RCC remains a virtually intractable disease. The incidence of this cancer has steadily increased in recent years, contributing to an increasing mortality rate worldwide. What is worse, apart from surgery, RCC is resistant tochemotherapy and radiotherapy [3] . The 5-year cancer-specific survival of RCC remains at approximately 55%, and current therapeutic efficacy is far from satisfactory [4] . To date, although a series of genetic and epigenetic changes have been reported to be correlated with these tumors, the pathogenesis and genetic regulatory networks remains poorly understood [5] . Therefore, it is still necessary to find new gene dysregulations and identify novel therapeutic targets in RCC.
As well-known and classical epigenome readers, the bromodomain and extra terminal (BET) protein family constitutes a series of proteins characterized by two conserved bromodomains (BD1 and BD2) and is reported to exert important roles in inflammation, tumor development and several other diseases [6] [7] [8] [9] . The N-terminal bromodomains are chromatin interaction modules that enable to recognize acetylated lysine residues in histones and other nuclear proteins [10] . Bromodomain-containing protein 4 (BRD4) is an important and emphatically studied member of the BET family, which is frequently reported to aberrantly expressed in several cancers and related to cancer cell growth regulation, although the potential molecular regulation mechanisms have been incompletely elucidated [11] [12] [13] [14] . Recently, several synthesized small-molecule chemical compounds targeting BET proteins have been developed to demonstrate the anti-tumor effects in a number of malignancies. The specific small BET inhibitors have exhibited apparent efficacy in suppressing tumor progression in a series of cancer models [15] [16] [17] [18] . However, the role of BRD4 protein in RCC is still poorly studied, and the therapeutic effect of BET inhibitor in RCC treatment has yet to be described.
In the present study, we evaluated the role of BRD4 in RCC and investigated the anticancer effects of BET inhibitors in vitro and in vivo. We exhibited the notable effect of BET inhibitor on cell biological activity and tumor growth in RCC. Collectively, our research demonstrates a potential requirement for BRD4 protein in RCC maintenance and supports a novel therapeutic strategy for RCC treatment.
Materials and Methods
Cell lines and human tissue specimens
The human ACHN and 786-O RCC cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA), and were maintained in DMEM medium (Gibco, Grand Island, NY, USA) and RPMI 1640 medium (Gibco), respectively. The human renal tubule epithelial cell line HK-2 was purchased from ATCC as well and was maintained in complete medium containing keratinocyte serum-free medium (K-SFM). The cells were maintained in the appropriate medium at 37°C and supplied with 5% CO 2 . Forty pairs of renal cell carcinoma samples and surrounding normal adjacent kidney tissues were collected from patients who underwent nephrectomy at Department of Urology of the Union Hospital of Tongji Medical College between 2013 and 2014. Histological and pathological diagnoses were authenticated by two pathologists. Clinicopathological characteristics in the study are exhibited in Table 1 . Approval for this research was obtained from the Institutional Review Board of Tongji Medical College of Huazhong University of Science and Technology, and informed consent was received from the corresponding patients before surgery.
Plasmid construction and transfection
Four BRD4-targeted candidate shRNAs and negative control were designed and synthesized by Genechem. The target sequences of the knockdown constructs of BRD4 are presented as follows: TCCGATTGATGTTCTCCAA (shBRD4-1), TGGAGATGACATAGTCTTA (shBRD4-2), CTGATTACTATAAGATCAT (shBRD4-3), and CTATGTCCTATGAGGAGAA (shBRD4-4). Cells were seeded in 6-well plates with 40-60% confluence 24h before transfection to allow attachment. Lipofectamine 2000 (Invitrogen, USA) was used as the transfection reagent. The supernatant was replaced by fresh culture medium after 4-6h of transfection. Stable knockdown cell lines were screened by puromycin (Invitrogen).
Real-time PCR analysis
Trizol reagent (Invitrogen) was used to isolate RNA from cell lines and tissues according to the manufacturer's instructions. Random primers were used to synthesize the complementary DNA (cDNA). Quantitative real-time PCR (qPCR) was carried out on StepOnePlus (Life Technologies) apparatus. The primers are designed as follows: BRD4: 5′-GTGGGAGGAAAGAAACAGGGACA-3′ (forward) and 5′-AGGAGGAGGATTCGGCTGAGG-3′ (reverse), BCL2: 5′-AGTACCTGAACCGGCACCT-3′ (forward) and 5′CAGCCAGGAGAAATCAAACAG-3′ (reverse), C-MYC: 5′-AGGGATCGCGCTGAGTATAA-3′ (forward) and 5′-TGCCTCTCGCTGGAATTACT-3′ (reverse), GAPDH:5′-TCAAGAAGGTGGTGAAGCAG-3′ (forward) and 5′-CGTCAAAGGTGGAGGAGTG-3′ (reverse). Results were normalized to GAPDH and calculated using the ΔΔCT method.
Western blot analysis
Protein lysates were treated with RIPA buffer (Thermo Scientific, Rockford, IL, USA) containing protease inhibitor cocktail (Beyotime Institute of Biotechnology, Haimen, China). A BCA protein assay kit (Beyotime) was used to determine the concentration of protein samples. The lysates were separated by 10% SDS-PAGE and were then transferred to PVDF membranes. Tris-buffered saline (TBS) containing 5% nonfat skim milk was then used to block the membranes for 1 h and primary antibodies of human BRD4 (ab128874, Abcam), BCL2 (ab7973, Abcam), C-MYC(ab39688, Abcam), BAX (ab32503, Abcam), mouse antihuman caspase-3 (ab2302, Abcam), or GAPDH (D16H11, Cell Signaling Technology Inc.) were probed at 4°C for 12 h. And the membranes were incubated with corresponding specific HRP-conjugated secondary antibodies (Wuhan Boster Bio-engineering Limited Company, China) subsequently for 2 h followed by developing with the ECL kit (Beyotime). Image J Software was performed for data analysis to evaluate the relative expression levels of the proteins.
Cell viability assay by MTT
Cell viability was determined by MTT assay. Cells were seeded in 96-well plate at a density of 5000 cells/0.1 mL per well. After shRNA transfection or drug treatment, 20 μL of MTT solution was added to each well and then the plate was incubated at 37°C for another 4 h in dark. Then discard the supernatant and add 100 μL of DMSO to dissolve the precipitate. The optical density (OD) of formazan was detected at 490 nm to estimate the cell viability.
Flow cytometry assay for cell cycle and cell apoptosis 786-O and ACHN cells were treated with JQ1 (Selleckchem) or transfected with shRNAs. After transfection or drug treatment, cells were harvested for cell cycle analysis, and then fixed in 70% ethanol at 4°C overnight. Subsequently cells were washed with PBS and stained with propidium iodine (PI, Sigma, St Louis, MO, USA) for 30 minutes, followed by flow cytometry analysis. Cells were harvested for apoptosis /100 μL PBS) were injected into 3-4 weeks old nude mice to achieve tumor growth. When the tumor size reached a palpable stage, the animals were randomly devided in two groups (n=10/group) for JQ1 treatment trials. JQ1 dissolved in DMSO was then diluted by dropwise addition of 2-hydroxypropyl-bcyclodextrin carrier (Sigma). The mice were treated intraperitoneally with either diluted JQ1 (50 mg/kg) or vehicle containing 5% DMSO every day. For the shRNA experiments, stable ACHN cells ( 1×10 7 ) transfected with BRD4 shRNA or control constructs screened by puromycin were intraperitoneally injected into mice (n=10/group). Tumor volume was evaluated every three days using Vernier calipers and then calculated with the equation: length×width 2 ×0.5. Three weeks later, the mice were killed simultaneously. Then tumors were subsequently excised, photographed and weighed.
Chromatin immunoprecipitation (ChIP) assay
The ChIP experiment was performed with the EZ-ChIP kit (Upstate Biotechnology, Lake Placid, NY, USA) according to the manufacturer's instructions. Real-time PCR primers for the BCL2 promoter were designed and synthesized to amplify the corresponding regions (-1233~-1025) upstream the transcription start site (Fig. 3G) . The primers for BCL2 promoter: 5′-ACACACGTCTGCGAGTGTGAATGT-3′ (Forward); 5′-TCCCTCTGTCCCTAACACCTTT-3′ (Reverse). The SYBR ® Premix Ex Taq™ kit was then used for qPCR amplification with the StepOnePlus Real-Time PCR System. IgG was used as a negative control within each group. The amount of immunoprecipitated DNA was evaluated by generating a standard curve and normalized against the shNC control group or the DMSO control group.
Statistical analysis
Statistical Package for the Social Sciences (SPSS) software (version 13.0, SPSS Inc., Chicago, IL, USA) and GraphPad Prism (Version 5, La Jolla, CA, USA) were used for data analyses. For the analysis of clinicopathological factors and mRNA expression of BRD4, BRD4 expression in tumor specimen was divided by that in paired normal kidney tissues (T/N expression ratio). Specimen were classified into two groups, the high expression group having a T/N>2 while the low expression group having a T/N≤2. T-tests were applied to evaluate the difference between paired tissue specimens. All tests were two-sided, P < 0.05 was considered statistical significant.
Results
BRD4 is overexpressed in RCC tissue specimens and cell lines
Forty pairs of RCC samples and adjacent normal kidney tissues were collected to evaluate the relative expression level of BRD4. As shown in Figure 1 (1A and 1B) , both mRNA and protein levels of BRD4 were markedly upregulated in RCC when compared with adjacent normal kidney tissues (P<0.05). A relationship was revealed between BRD4 expression and cancer stage (P<0.05) and lymph nodes metastasis (P<0.05, Table 1 ). Moreover, upregulation of BRD4 was also confirmed in the RCC 786-O and ACHN cell lines as compared with HK-2 cells (Fig. 1, C and D) . These results suggested that BRD4 protein potentially play an important role in promoting RCC progression.
BRD4 inhibition suppresses cell proliferation and induces cell apoptosis in RCC
Given that BRD4 is upregulated in RCC tissues and cell lines in our study, we further investigate the effect of BRD4 inhibition on RCC cell lines. Four shRNAs targeting the coding region of BRD4 (shBRD4) were synthesized and transfected into cells (Fig. 2A) . As shown in Figure 2 (B and C), BRD4 mRNA and protein levels were markedly silenced by transfection of shBRD4 in 786-O and ACHN cells. We eventually selected shBRD4-3 and shBRD4-4 for further studies owing to the prominent knockdown effects. After shRNAs transfection or mRNA and protein levels as compared with control. BCL2 and C-MYC mRNA and protein levels but not BRD4 were markedly decreased upon JQ1 treatment. JQ1 decreased BCL2 and C-MYC expressions in a dose-and time-manner (Fig. 3, C-F) . In addition, treatment with JQ1 increased the protein levels of BAX and cleaved caspase3 (Fig. 3 E) . Furthermore, transfection of shBRD4 or JQ1 treatment decreased the recruitment of BRD4 to BCL2 promoter through CHIP experiments (Fig. 3, G and H) . These results demonstrated that BRD4 could influence cell biological activity through regulates BCL2 and C-MYC expressions in RCC.
Knockdown of BRD4 or JQ1 impairs RCC tumor growth in vivo
To determine the antitumor effect of BRD4 inhibition in vivo, we further evaluated the effects of BRD4 inhibition in xenograft mouse models. For shBRD4 experiments, stable ACHN cells transfected with shBRD4 or control constructs were subcutaneously injected into the flanks of mice. ShBRD4 injected mice exhibited a reduction in tumor weigh and tumor size compared with their negative control groups at termination (P<0.05, Fig. 4 A, C and E). JQ1-treatment mice also achieved a remarkable reduction in tumor weight and tumor size at the end of the experiment (P<0.05, Fig. 4 , B, D and E). Histologic analysis of tumors revealed a close correlation between BRD4 and BCL2 as well as C-MYC expression in control and shBRD4 or JQ1 cohorts (Fig. 4 F-I) , suggesting that BRD4 supports a pro-tumor advantage. These data further identified BRD4 as a critical contributor to tumor growth and strengthen inhibition of BRD4 as a plausible treatment strategy against RCC.
Discussion
BRD4 is a highly conserved and well-known epigenome reader, and has been considered to be a key transcription regulator in dividing cells. BRD4 could interact with P-TEFb and recruit several transcriptional regulatory complexes to specific chromatin region [13, 19] . In addition, BRD4 engages in regulatory interactions with several histone modifiers and DNAbinding transcription factors to exert its relevant functions [19] [20] [21] [22] . Aberrant expression of BRD4 protein is increasingly detected in a series of cancer types and has been reported to significantly influence tumor progression. For example, BRD4 is significantly upregulated in glioblastoma tumors and exerts a pro-oncogenic function in that context [23] . In colon cancer and breast cancer, BRD4 was reported to downregulated and probably serve as a tumor suppressor [11, 14] . In addition, BRD4-NUT fusion in squamous cell carcinomas could result in a prooncogenic phenotype, which is responsible for mid-line carcinomas [24, 25] . The findings that deregulation of BRD4 could influence cancer cell biological activity in a series of cancer types supply the rationale to assess the expression and function of BRD4 in RCC. Our results strongly demonstrate that BRD4 is highly expressed in RCC tissues and cells, which indicates that BRD4 is probably associated with tumor progression. In addition, the expression level of BRD4 in RCC was significantly associated with histological stage and lymph node metastasis, suggesting that BRD4 is associated with tumor development and potentially promote tumor invasion. Furthermore, we found that knockdown of BRD4 using shRNAs repressed cell viability and suppressed tumor growth, indicating an important role of BRD4 in controlling RCC biological activity. These results would facilitate our further understanding of the underlying biology and molecular pathology, which has not been described previously.
To date, RCC remains an intractable social and medicine problem. Early stage patients with localized tumors generally have a favorable prognosis after surgical resection of the primary tumor. However, a considerable proportion of patients with RCC already have metastatic disease at diagnosis [26] . RCC is unusually resistant to chemotherapy and radiotherapy compared to other solid tumors, and novel immunotherapies have supplied some limited benefits for patients who suffer from advanced RCC [27] [28] [29] [30] . Therefore, alternative therapeutic strategies are still necessary to be explored to increase the survival rate of patients with RCC.
Currently, treatment therapies to manipulate BET proteins are emerging. Recent studies have proved that pharmacologic suppression of BET/acetylated histone binding impacts cell apoptosis, differentiation or tumor growth in several disease models include melanoma [12] , multiple myeloma [17] , osteosarcoma [31] , prostate cancer [32] and acute myeloid leukemia [33] . Given our observation that BRD4 is overexpressed in human RCC tissues and cell lines, we hypothesized that inhibition of BRD4 could influence RCC cell biological activity. Using a first-class small-molecule BRD4 inhibitor JQ1, we demonstrated that JQ1 inhibited cell proliferation, induced cell apoptosis and suppressed tumor growth in vitro and in vivo, which was similar to the effects observed upon shRNA-mediated BRD4 knockdown. These results further identify BRD4 as an important regulator in RCC and supply the rationale to use BET inhibitor for RCC treatment, which would be helpful for patients with RCC. In addition, our results demonstrated that inhibition of BRD4 influenced cell biological activity mainly through repressing BCL2 and C-MYC expression and activating a group of apoptosisassociated protein kinases, which is consistent with previous studies [34] . It has been reported that several target therapies such as vascular endothelial growth factor (VEGF) or mTOR inhibitors have exhibited some efficacy in RCC treatment [35] [36] [37] , it will be interesting to explore the potential relationship between BRD4 inhibitor and other target therapies and compare the effects of these novel treatment strategies in the future.
In summary, our study demonstrates the aberrant expression and prooncogenic role of BRD4 in RCC, and supply the rationale to applying BET inhibitor for RCC treatment. Our results enrich the knowledge about the molecular mechanism and target therapies in RCC, which is thus potentially helpful to patients with RCC.
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